. Torsion angle values for three major types of β-turn Of these three conformations, it is worth noting that the sense of twist in type II and type III β-turns is opposite because two torsion angles are of opposite sign. It is reasonable to infer that the opposite screw sense induced by tertiary and quaternary amino acids is due to their differing preferences for type II vs. type III β-turn conformations, 17 and that this difference leads to opposite senses of twist that are propagated into the remainder of the oligo-Aib helix through the hydrogen-bonding network. Type I -60° -30° -90° 0°
Type II -60° +120° +80° 0°
Type III -60° -30° -60° -30°
Conformational analysis in the crystalline state
The first experimental evidence for the correlation between peptide helix screw sense and different types of Table S1 . Backbone (φ, ψ) torsion angles and intramolecular H-bond distances are reported in Table 2 . 
(COOH).
Inspection of (φ, ψ) backbone torsion angles in Table 2 reveals that they belong to the 310/α−region of the Ramachandran plot 19, 20 and confirms the strong folding propensities of Aib-rich short peptides. Both compounds form mainly 310-helical structures in the body of their (Aib)n chains, stabilized by consecutive intramolecular
1←4 C=O•••H-N bonds (type III β-turns)
. 16 The mean backbone (φ, ψ) values of peptide 3 and 4 are (56°, 30°) and (-51°,-37°), respectively, very close to the published average values (-57°,-30°).
Interestingly, the (φ, ψ) values in the two peptides are of similar magnitude but of opposite sign, reflecting the reversed screw sense observed in the two structures (apart from φ of Val 1 in peptide 3 which retains a negative value as expected for L amino acids 21 ). In particular, sign inversion takes place at ψ of Val 1 of peptide 3 (see Ta- ble 2) which corresponds to position i + 2 of the first helix β−turn. 16 This fact accounts for the presence of a dis- 
Conformational analysis in solution
We have previously used 13 circular dichroism (CD) to show that the principal conformations of peptides 1 and 2 in methanol are helices with opposite screw-senses, and time-dependent DFT calculations allowed us to correlate the CD spectrum of 1 with a left-handed helix and the CD spectrum of 2 with a right-handed helix. However, CD did not reveal sufficiently detailed information for us to draw conclusions about the structure of the Ntermini of peptides 1 and 2 in solution. We therefore carried out a detailed investigation using NMR spectroscopy. Experiments were carried out in CD3OH in order to preserve amide NH proton signals, allowing their identification, and to allow us to compare our findings with those previously obtained by CD under the same experimental conditions.
To detect the proposed N-terminal type-II β-turn in peptide 1, two independent NMR methods were used:
firstly, inter-proton distances estimated using nOe spectroscopy were compared with those found both in calculated structures and in the N-terminal segment of the X-ray crystal structure of the related peptide 3, and secondly experimental coupling constants were used to calculate dihedral angles using the Karplus equation.
Overall assignment of proton and carbon signals for both peptides 1 and 2 was achieved using the standard procedure described by Wüthrich 25 (Tables S2 and S3 , Supporting Information). The spin systems of the Val and Gly residues were identified using DQF-COSY and TOCSY spectra, 26, 27 while HMQC 28 and HMBC 29 experiments were used to assign the Aib and (αMe)Val residues.
The 13 C atoms of the two methyl groups (indicated in Table S1 and S2 as β and β') of each Aib residue were found to resonate at different chemical shifts, above and below 25 ppm. Jung et al. 30 have shown that the anisochronicity of the 13 C NMR signals of a pair of diastereotopic methyl groups may be used as a marker of helix stability in solution. Typically, in the absence of higher order structures, the 13 C NMR signals of a gem-dimethyl group, even directly adjacent to a stereogenic centre, are separated by less than 0.5 ppm. However, within a stable helical conformation, the anisochronicity (also known as 'chemical non-equivalence' or CNE 30 ) of the 13 C NMR signals of a gem-dimethyl group may exceed 2 ppm. Tables S4 and S5 (see Supporting Information) report the anisochronicities in the 13 C NMR spectrum of the methyl groups of the four Aib residues of peptides 1 and 2. Despite the short length of both peptides, all anisochronicities were found to be around 2 ppm, confirming the adoption of a stable helical conformation in MeOH solution. Stereospecific assignment of the two diastereotopic methyl groups in each Aib residue was achieved by means of HMQC spectra. As reported in the literature, each Aib residue of a peptide chain shows two distinct 13 C chemical shifts, one above and one below 25ppm. This general behaviour of Aib residues in polypeptides is a consequence of the different shielding tensors experienced by the pro-R (located in the position of the α H in a trisubstituted residue) and pro-S methyl groups.
31,32
The sequential assignments for peptides 1 and 2 were obtained from HMBC and NOESY spectra. 27, 33 To avoid spin diffusion, the build-up curve of NOE cross-peak intensities was first determined as a function of mixing time (τm = 50 to 500 ms). The optimal mixing time τm, balancing cross-peak intensity against relayed magnetization transfer, was found to be 280 ms for both the peptides. Relevant regions of the NOESY spectrum of peptide 1 are shown in Figures 5, 6 and 7, whilst the amide region of the NOESY spectrum of peptide 2 is reported in Figure 8 . All the non-overlapping cross-peaks detected in the NOESY spectrum of peptide 1 were integrated, and the values used to estimate inter-proton distances as described in the Experimental section. The most relevant NMRderived distances are reported (with their standard deviations) in Table 3 The existence of a type II β-turn at the N-terminus of peptide 1 was further supported by analysis of the dihedral angles obtained from coupling constants ( 
For J = 5.4 Hz, and taking into account the allowed (φ, ψ) torsion angle regions 38 of the Ramachandran plot for L-Val, the dihedral angle φ was calculated to be -70°. Consequently, this value was used to determine ψ dihedral angles by means of equation (2) The calculated ψ torsion angles falling into the allowed regions 38 of the Ramachandran plot for L-Val are ψ = 106° and ψ = 160°, both positive values. This observation explains why the N-terminal β-turn gives rise to a lefthanded screw-sense in peptide 1. Furthermore, as shown in Figure 9 , the angles (φ, ψ = -69.0°, +166.4°) observed at Val 1 in the X-ray structure of peptide 3 fit nicely with one of the two possible pairs of (φ, ψ) values obtained by combining equations (1) and (2), specifically (φ, ψ) = (-70°, +160°). This finding further proves that the N-terminal segment of peptide 1 is folded into a type II β-turn. Figure 9 . First turn (φ, ψ) torsion angles as observed in the x-ray crystal structure of peptide 3 (the rest of the molecule is omitted for clarity)
As regards peptide 2, the analysis was complicated by extensive overlapping in both the NH-NH and in the β CH3-NH proton correlation regions (Figure 8 ). To overcome this problem a range of temperatures was screened. The variation of the NMR spectrum with temperature is consistent with the presence of highly populated 310-helical structures. Indeed, as shown in Figure S1 and Table S6 (Supporting Information), the temperature dependence of NH chemical shifts in CD3OH solution groups the NH protons into two distinct types: the two N-terminal NH protons exhibit significantly larger temperature coefficients (9 ppb/°C) than all other NH protons (between 4 and 3 ppb/°C). 39, 40 Finally, the behaviour of the two C-terminal amide protons suggests that one is intramolecularly hydrogen-bonded while the other is not.
Some of the diagnostic peaks indicating a 310-helical conformation were visible in the NOESY spectrum of peptide 2, although signal overlapping prevented us performing an in-depth analysis of the 2D NMR data, as done for peptide 1. Furthermore, the strong helicogenic propensities of L-(αMe)Val are well known. 41, 42 When embedded into a peptide sequence, this residue folds preferentially into right-handed 310-helices, as seen in the Xray crystal structure of peptide 4 ( Figure 4 ). It is safe to conclude therefore that peptide 2 adopts a well developed, right-handed 310-helical conformation in solution similar to the one observed in the solid state.
Discussion
This work indicates that the role of proteinogenic, tertiary amino acids (such as valine) in controlling the hand- The acylated amino group is poised to hydrogen bond with the NH group of residue i + 3 without incurring unfavourable eclipsing interactions, since only the C α -H bond need eclipse the chain (specifically, the C-N bond of the amide linkage between i + 1 and i + 2). This hydrogen bond leads to a left-handed (M) helix.
On exchanging the L-tertiary amino acid for an L-quaternary amino acid, the C α -H bond must be replaced by a C-C bond, resulting in an eclipsing interaction. The result is a destabilisation of the type II β-turn, and the adoption instead of a type III β-turn (Figure 10b ). In this structure, one of the two C α substituents (preferably the more hindered group-isopropyl in the case of L-(αMe)Val) is perpendicular to the C=O group, while the other finds itself gauche to the C=O group. Hydrogen bonding between the C=O of the acylated amino group and the NH of residue i + 3 again continues a helix, but this time a right handed (P) one.
These Analogous behaviour by other N-terminal tertiary amino acids in the solution phase is supported by both our conformational analysis of 1 and 3 and CD spectra of similar Aib-rich peptides. 13 Furthermore, this conformational feature arises regardless of the identity of the N-terminal amino acid side chain or protecting group, as
shown by the common screw-sense also observed in phenylalanine and alanine capped peptides. 13 It seems reasonable therefore to conclude that the left-handed screw sense (M helicity) exhibited by these Aib-rich peptides is the result of an N-terminal type II β-turn conformation. 
Experimental section
Synthesis. The synthesis of peptides 1 and 2 is published. All NMR experiments were performed on a Bruker Avance II+ 500 MHz spectrometer using the TOPSPIN 2.1 software package. Suppression of the alcohol OH signal was achieved using the WATERGATE pulse sequence. Figure 5 ) set to a distance of 2.80 Å. For all of the distances obtained, a standard deviation of ± 10% was estimated.
Supporting Information
NMR spectra and X-ray data for 3 and 4. Detailed data from NMR experiments on 1 and 2. This material is available free of charge via the Internet at http://pubs.acs.org/. 
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